Lipid transfer between cell membrane bilayers at contacts between the endoplasmic reticulum (ER) and other membranes help to maintain membrane lipid homeostasis. We found that two similar ER integral membrane proteins, oxysterol-binding protein (OSBP)-related protein 5 (ORP5) and ORP8, tethered the ER to the plasma membrane (PM) via the interaction of their pleckstrin homology domains with phosphatidylinositol 4-phosphate (PI4P) in this membrane. Their OSBP-related domains (ORDs) harbored either PI4P or phosphatidylserine (PS) and exchanged these lipids between bilayers. Gain-and loss-of-function experiments showed that ORP5 and ORP8 could mediate PI4P/PS countertransport between the ER and the PM, thus delivering PI4P to the ER-localized PI4P phosphatase Sac1 for degradation and PS from the ER to the PM. This exchange helps to control plasma membrane PI4P levels and selectively enrich PS in the PM.
M embrane lipids can be exchanged between bilayers at contact sites between the endoplasmic reticulum (ER) and other membranes (1) (2) (3) (4) (5) (6) (7) . One class of molecules mediating these contacts are oxysterolbinding proteins (OSBP) and the closely related OSBP-related proteins (ORPs) (Osh proteins in yeast), which harbor lipids in a hydrophobic cavity of their OSBP-related domain (ORD) ( fig. S1 ) (3, (7) (8) (9) (10) (11) (12) (13) . Members of this protein family (more than 10 in mammals) have been thought to function selectively as sterol sensors or transport proteins (12, 13) , but recent studies show that they can also harbor different lipids (3, 7, (9) (10) (11) . OSBP and Osh4/Kes1function in a lipid countertransport between the Golgi complex and membranes of the ER by delivering cholesterol to the Golgi in exchange for phosphatidylinositol 4-phosphate (PI4P), which is degraded by the Sac1 phosphatase in the ER (9, 14) . Whether other ORPs also function in lipid countertransport reactions to help maintain membrane heterogeneity, such as a selective concentration of phosphatidylserine (PS) in the plasma membrane (PM) (15) , is unclear. We focused on two very similar mammalian ORPs, ORP5 and ORP8, which are anchored to the ER membrane, where they reside via a hydrophobic tail sequence (12, 16, 17) . Their ORDs are the mammalian ORDs most closely related to the ORDs of Osh6 and Osh7, which transport PS to the PM in yeast, although ORP5/8 and Osh6/7 are otherwise different in domain organization ( fig. S2A ) (3, 8, 11, 12) .
Green fluorescent protein (GFP)-ORP5 and GFP-fusions of the two splice variants of ORP8 (17) , which differ by the inclusion (ORP8L) or exclusion (ORP8S) of an N-terminal 42 amino acids sequence ( fig. S5 ), were independently expressed in HeLa cells and analyzed by means of confocal microscopy. ORP5 predominantly accumulated in small patches at the cell periphery in a pattern reminiscent of ER-PM contacts (18, 19) : a row of peripheral dots in mid-cell optical sections and tightly apposed patches in optical sections of the flat base of the cell (Fig. 1A) . More numerous and longer ER-PM contacts were detected as a result of excess ORP5 expression (Fig.  1, C to E) . In contrast, GFP-ORP8L had a broad reticular distribution throughout the cell (Fig. 1A) that overlapped with that of the ER marker Sec61b ( fig. S3 ), with only a faint puncta at the cell periphery. GFP-ORP8S had a somewhat intermediate localization pattern (Fig. 1A) . Coexpressed GFP-ORP5 and mCherry-ORP8L partially colocalized at the cell cortex (Fig. 1F) , and ORP8L coimmunoprecipitated with ORP5 (Fig. 1G ), indicating that ORP5 may help mediate ORP8 recruitment to ER-PM contacts via heteromerization.
Because both ORP5 and ORP8 contain a PH domain, we next investigated whether their tethering function depended on phosphoinositides in the PM. The cortical pool of GFP-ORP5 and GFP-ORP8S, and even the very weak cortical accumulation of GFP-ORP8L, increased upon overexpression of phosphatidylinositol 4-kinase IIIa (PI4KIIIa) and its associated factors [the enzyme complex responsible for PI4P synthesis in the PM (20) (21) (22) (23) ] (Fig. 1, A and B) . In cells treated with the PI4KIIIa inhibitor A1 (25) , both ORP5 and ORP8S dissociated from the PM and dispersed throughout the ER (Fig. 1H and movies S1 and S2). This redistribution correlated with the dissociation from the PM of near-infrared fluorescent protein (iRFP)-P4M, a PI4P reporter (24), but not of PH PLCd , a phosphatidylinositol 4,5-bisphosphate [PI(4,5)P 2 ] reporter (movie S3) (25) . Thus, PI4P is required for the binding of ORP5 and ORP8 to the PM.
ORP5 and ORP8L constructs lacking their PH domains were localized throughout the ER even upon coexpression of PI4KIIIa (Fig. 1, I and J, and fig. S4 ). Constructs lacking the transmembrane region or comprising the PH domain and upstream N-terminal sequences mimicked the properties of the full-length proteins (cortical localization of ORP5 constructs and strong dependence on PI4KIIIa overexpression for the cortical accumulation of ORP8L constructs) (Fig. 1, I and J). Both PH domain-only constructs were similarly targeted to the PM and more prominently upon PI4KIIIa overexpression (Fig. 1, I and J). Thus, differences in the PM recruitment of ORP5 and ORP8L are dictated by their N-terminal amino acid sequences that differ substantially in the two proteins and confer an overall more negative charge to ORP8L. Most of this negative charge is accounted for by the ORP8L-specific extension ( fig. S5 ), which explains the greater accumulation of ORP8S at ER-PM contacts. The ORD is dispensable for cortical localization ( fig. S4) .
The PI4P-dependent cortical accumulation of ORP5 was supported by studies of tamoxifeninducible PI4KIIIa-conditional knockout embryonic fibroblasts (MEFs) (20) . In sham-treated MEFs, GFP-ORP5 was concentrated at ER-PM contacts, but in knockout (tamoxifen-treated) cells, in which global PI4P levels are 70% lower than in controls with dramatic loss of PM PI4P (20) , GFP-ORP5 was dispersed throughout the ER (Fig. 2A ). ORP5 and ORP8 expression was up-regulated in knockout MEFs, pointing to a functional link between ORP5/ ORP8 function and PI4KIIIa (Fig. 2B ). This phenotype, as well as the loss of cortical localization of ORP5, was rescued by expression of PI4KIIIa in the knockout MEFs (Fig. 2, A and B) . PI4KIIIa knockout MEFs also had lower PS levels (about 50% reduction) (Fig. 2C and fig. S6 ) but no major changes in levels of phosphatidylethanolamine (PE) and phosphatidylcholine (PC), the precursors of PS (Fig. 2C) (15, 26) .
If ORP5 and ORP8 operate in a countertransport mechanism, they should contain more than one lipid in their ORD domains, which are the most similar to each other in their portion defining the lipid-harboring cavity ( fig. S2A ). Because only the ORD of ORP8 (amino acids 370 to 809) could be purified in sufficient yield (Fig. 3A) , we focused on this domain. Mass spectrometry comparison between the denatured ORD [apo form, molecular weight (MW) 53,865 daltons] and the native ORD (mixture of native apo and holo forms) revealed two main ORD-lipid complexes: MW 54,654 daltons (apo form + 789 daltons) and MW 54,808 daltons (apo form + 943 daltons) (Fig. 3B ). These mass increments correspond well to the mass of PS 36:1 (789.55 daltons) and phosphatidylinositol phosphate (PIP) 36:1 or 36:2 (944.5 or 942.5), respectively. PS and PIP were also found in a quantitative analysis of the lipid fraction extracted from the purified ORD construct (Fig. 3 , and Arg 344 in Osh4) (9, 10) is conserved in this ORD as well as in ORD ORP5 ( fig. S2 , B and C). Other phospholipids, sphingolipids, and cholesterol were not detected in appreciable amounts, indicating that reported effects of ORP5 and ORP8 on cholesterol dynamics (16, 17) result from indirect actions of these proteins.
On the basis of these findings, we examined whether ORD ORP8 could exchange PS and PI4P between artificial bilayers in vitro. "Heavy" and "light" liposomes composed of 90% PC and either 10% PI4P or 10% PS, respectively, were incubated (27) no 53200 53400 53600 53800 54000 54200 54400 54600 54800 55000 55200 55400 55600 that presence of the other lipid accelerated transfer ( fig. S7 ). This effect was more prominent for PS transport ( fig. S7 ). Thus, PI4P/PS countertransport occurs in vitro. We next investigated a potential role of ORP5/ ORP8 in a countertransport of PI4P and PS between the PM and the ER aimed at delivering PM PI4P to the ER for degradation by Sac1 (28) and PS from its site of synthesis in ER (15) to the PM. Overexpression of ORP5 reduced PI4P in the PM, as detected by the dissociation of the PI4P biosensor P4M (Fig. 4, A and B) . Residual PI4P in this membrane was implied by the PI4P-dependent cortical localization of ORP5 (Figs. 1A and 4A , inset) (binding of multiple ER-localized ORP5 molecules to PM PI4P likely accounts for increased avidity) and by the PM localization of a tandem PH ORP5 (fig. S8) . Conversely, ORP5 overexpression also resulted in increase of PM-localized PS, as revealed by two PS biosensors, evt2-2XPH (tandem PH domains of evectin-2) (29) or LactC2 (C2 domain of lactadherin) (30), respectively (Fig.  4, C and D, and fig. S9 ). These effects were not observed upon expression of ORP5-harboring mutations that impair the lipid-binding properties of its ORD domain: the double H478A,H479A mutation (impaired PI4 binding) ( fig. S2B) (9) and the L to D mutation at position 389 (L389D) (11) , which corresponds to a leucine critical for PS binding in yeast Osh6 (Leu 69 ) and Osh7 ( fig. S2D ) (11) . In fact, these mutant constructs were even more enriched in the cortical ER than was WT ORP5 ( fig. S10 ), most likely reflecting higher levels of PI4P in the PM. Knockdown of ORP5 and ORP8 resulted in prominent PM accumulation of N-PH ORP8 , which is normally retained in the cytosol and nucleus but relocates to the PM in response to increased PI4P in this membrane (Figs. 1J and 4E) . Likewise, the PS sensor evt2-2XPH was no longer enriched at the PM in ORP5/ORP8 double-knockdown cells (fig. S11) . The requirement of PI4P in the PM for the delivery of PS to this membrane was supported by the lack of enrichment of the PS sensor evt2-2XPH at the PM in PI4KIIIa knockout MEFs ( fig. S12) .
Because ORP overexpression could result in indirect chronic effects, ORP-mediated PI4P/PS exchange at the ER-PM contacts was further analyzed by means of the acute PM recruitment of ORP constructs by using an FK506/rapamycininducible FK506 binding protein (FKBP)-FKBP12-rapamycin-binding (FRB) heterodimerization system (31) . A monomeric red fluorescent protein (mRFP) fusion of ORP5 in which its PH domain had been replaced by FKBP12 (mRFP-FKBP-DPH-ORP5) was transfected in HeLa cells along with a PM membrane bait [PM-FRB-CFP (32)] and together with PI4P and PS reporters ( fig. S13) . Upon the addition of rapamycin ( fig. S13 ), this fusion protein was rapidly recruited to the PM, leading to dissociation of iRFP-P4M (PI4P) but not of GFP-PH PLCd [PI(4,5)P 2 ] and to PM recruitment of GFP-evt2-2XPH (PS) (Fig. 4, F to H) . Similar results were observed by replacing the ORP5 portion of the FKBP12 fusion proteins with the corresponding portion of ORP8 (Fig. 4I ). In contrast, acute PM recruitment of FKBP12-ORP5 fusion proteins with mutations in the ORD that affect PI4P or PS binding ( fig. S2 , B to E) had no effect on the localization of PI4P and PS reporters (Fig.  4I and fig. S14 ), and depletion of PI4P in the PM by prior A1 treatment nearly abolished PS increase in this membrane (Fig. 4J) .
Physical tethering of the ER to the PM by mRFP-FKBP-DPH-ORPs was required for the PI4P/PS exchange to occur. Thus, an mRFP-FKBP-DPH-ORP5 WT construct in which the C-terminal SCIENCE sciencemag.org 24 transmembrane anchor had been deleted, mRFP-FKBP-DPH-ORP5 WT DTM ( fig. S13) , was recruited to the PM in response to rapamycin (much faster than the ER-anchored construct because this protein is a cytosolic protein) ( fig. S15 ) but failed to dissociate the PI4P marker P4M (Fig. 4K) and to recruit the PS marker evt2-2XPH to the PM (Fig. 4J) . Furthermore, the knockdown of Sac1 strongly reduced the dissociation of iRFP-P4M from the PM upon acute recruitment of mRFP-FKBP-DPH-ORP5 WT (Fig. 4L) , implicating PI4P consumption by Sac1 for efficient countertransport, most likely by allowing the ORD to favor PS binding over PI4P binding at the ER membrane interface. These findings support the importance of Osh/ORP-family proteins in the negative regulation of PM PI4P via an action that involve Sac1, as suggested (28), but favor an action of Sac1 "in cis" in ER membrane after delivery of PI4P to this membrane by the ORPs.
Collectively, our results demonstrate that ORP5 and ORP8 function as ER-PM tethers that, via a countertransport mechanism, negatively regulate PI4P in the PM (where the two ORPs are recruited in a PI4P-dependent way) and accounts, at least in part, for the enrichment of PS in this membrane ( fig. S16 ). Thus, a PI4P-dependent countertransport mechanism first proposed to mediate cholesterol delivery from the ER to the Golgi complex by Osh4/OSBP (14) may apply to at least some other ORP/Osh family members [von Filseck et al. (33) provide a similar countertransport by Osh6/Osh7 in yeast], mediate export of another lipid from the ER, and operate at the contact sites of the ER with other membranes. Last, our results suggest a role for plasma membrane PI4P as a homeostatic regulation of PM lipid composition independent from its role as a precursor of PI(4,5)P 2 .
